Both gram-positive and gram-negative bacteria are surrounded by a cell wall, composed mainly of peptidoglycan, a strong net-like polymer responsible for maintaining the shape and size of the bacterial cell and for resisting the high intracellular osmotic pressure. Peptidoglycan consists of repeating ␤-1,4-linked N-acetylglucosaminyl-N-acetylmuramyl units crosslinked through short peptide chains.
The final steps of peptidoglycan biosynthesis occur extracellularly, are associated with the plasmic membrane, and are catalyzed by penicillin-binding proteins (PBPs) (10) . Class A PBPs bear two enzymatic functions, namely glycosyltransfer (GT) and transpeptidation (TP) (Fig. 1) . The former is responsible for the elongation of the glycan strands using the disaccharide N-acetylglucosaminyl-N-acetylmuramyl pentapeptide as a substrate anchored to the membrane by a 55-carbon undecaprenyl chain (lipid II) while the latter cross-links the peptide chains attached to the glycan strands. Such bifunctional PBPs have been identified in both gram-positive and gramnegative bacteria. The N-terminal domains of these enzymes contain the GT activity while the C-terminal domains possess the TP activity. In addition to bifunctional PBPs, all bacterial species contain class B PBPs which harbor only the TP activity, together with N-and C-terminal domains to which no function has yet been associated. Another enzymatic activity peculiar to some PBPs is D,D-carboxypeptidation (9) . All class A and B PBPs are inserted into the plasma membrane through a single helix, which is preceded by a short N-terminal region located in the cytoplasm; both GT and TP activities are localized in the extracellular space (4) .
The biosynthesis of peptidoglycan is essential for bacterial survival; disruption of peptidoglycan may lead to cell lysis, suggesting why the most-effective antibiotics currently in use are inhibitors of peptidoglycan biosynthesis (2) . Indeed, penicillin and other ␤-lactam antibiotics are specific inhibitors of TP, D,D-carboxypeptidases, and D,D-endopeptidases due to their structural similarity to the natural substrates, the stem peptides (33) . ␤-Lactams form a covalent complex with the active serine of the TP domain, preventing the cross-linking of stem peptides and weakening the peptidoglycan structure. Furthermore, the glycopeptide antibiotic vancomycin binds to the D-alanyl-D-alanine moiety of stem peptides, impeding their subsequent recognition by TPs and carboxypetidases; the GT reaction may also be inhibited by glycopeptides through steric hindrance (2, 8) . Extensive use of these cell wall biosynthesis inhibitors has promoted the development of bacterial strains highly resistant to such drugs, hindering antibiotic-based treatments.
Streptococcus pneumoniae is responsible for a high proportion of cases of pneumonia, acute otitis media, acute sinusitis, bacteremia, and meningitis which lead to more than 1 million deaths per year, mostly of young children in developing countries. This gram-positive pathogen possesses six PBPs, including three class A (PBP1a, 1b, and 2a) and two class B (PBP2x and 2b) molecules as well as a D,D-carboxypeptidase, PBP 3 (14) . Individual deletion of the pbp2x or pbp2b genes is lethal for S. pneumoniae (18) . However, neither the pbp1a, pbp1b, nor pbp2a gene is required for growth when deleted individually, but the presence of at least pbp1a or pbp2a is essential for cell viability (16, 27) .
␤-Lactam-resistant S. pneumoniae strains contain the same PBP pattern as the R6 strain (the penicillin-sensitive reference strain), albeit with decreased antibiotic affinity. Low-affinity PBP variant genes conferring resistance are mostly acquired by homologous recombination and have a mosaic structure, in which parts of genes are replaced by equivalent parts from drug-resistant bacteria (7, 19, 22) . PBP2b and PBP2x constitute the most-common resistance determinants, and they confer low-level resistance to piperacillin and cefotaxime, respectively (13) . Low-affinity variants of PBP2a confer a higher level of ␤-lactam resistance (15) , whereas modification of PBP1a is required for high-level ␤-lactam resistance (1, 15, 25, 29) .
The efficiency of ␤-lactam antibiotics in combating bacterial infections stresses the value of PBPs as targets in antibiotherapy. Targeting the GT activity is an attractive alternative to TP classical inhibition. However, the only GT activity inhibitor known, moenomycin (flavomycin), cannot be used in human therapy due to its poor absorption and long half-life (11) . The major difficulty in studying class A PBPs has been the limited availability of lipid II, the GT reaction substrate. Terrak et al. and van Heijenoort succeeded in purifying radiolabeled lipid II, allowing significant progress in the functional characterization of the GT activity of Escherichia coli PBPs (32, 34) . Nevertheless, the purification of significant amounts of lipid II still remains the bottleneck for class A PBP studies. Very recently, two groups have succeeded in the total synthesis of lipid II (31, 35) , which provides a priceless biochemical tool which should allow rapid progress in the enzymatic characterization of PBPs (30) .
In this work, we describe the biochemical characterization of PBP1b*, one of three pneumococcal PBPs with bifunctional activity. While the TP domain was characterized by stoppedflow fluorometry, limited proteolysis, and [
3 H]benzylpenicillin binding, we developed a novel fluorescence-based assay for the GT activity which exploits the recognition of dansylated lipid II by PBP1b* in native gel conditions. N-terminally truncated forms of PBP1b* were also investigated with this assay, and the binding site for lipid II was then mapped. Finally, moenomycin binding to the GT domain of PBP1b* was also demonstrated. The solid and hatched boxes indicate the N-terminal cytoplasmic region and the membrane anchor, respectively. The GT and TP domains are represented together with their conserved motifs; active serine 460 is indicated by an asterisk. x represents any amino acid. The arrows delineate the proteolytic PBP1b TP domain: the Nand C-terminal residues experimentally identified are indicated in italics. The grey box represents the C-terminal domain, whose predicted N-and C-terminal residues are Ile 711 and Pro 791, respectively. The dotted box indicates the polyserine tail. (B) Schematic diagrams of the PBP1b-derived constructs. A stop codon had been inserted after the P791 in order to delete the Ser-rich extension. The peptide at the GST-GT junction of the PBP1b* construct includes sequences specific for the thrombin and Tev proteases (italic type) and the N-terminal amino acids of GT (boldface type). The His 6 tag is placed on the N terminus of the shorter forms, PBP1b*ATL and PBP1b*LIK.
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4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) were purchased from Euromedex (Mundolsheim, France). Complete protease inhibitor cocktail was obtained from Roche (Meylan, France). Dansylated lipid II was generously provided by Eli Lilly (Indianapolis, Ind.). Moenomycin was a gift from Aventis (Frankfurt/Main, Germany). Construction of vectors encoding the different PBP1b* forms. The uncapsulated R6 strain of S. pneumoniae was anaerobically propagated in glucosebuffered broth (Diagnostics Pasteur) for 16 h at 30°C. Genomic DNA was extracted from 5 ml of culture with the High Pure PCR template preparation kit (Roche) by following the manufacturer's instructions; 100 ng of genomic DNA was recovered in 200 l of water. Restriction and modification DNA enzymes were from Promega (Charbonnières, France). DNA sequencing was performed by Genome Express (Grenoble, France).
The same protocol was used for all amplification and cloning procedures. The primers used are listed in Table 1 . Genomic DNA from the S. pneumoniae R6 strain was used as a template (2 ng) to amplify the extracellular region of the pbp1b gene. The PCR product was cloned into the pCR-Script vector (Stratagene) following the manufacturer's instructions. After transformation into E. coli XL1-Blue supercompetent cells, clones containing the pbp1b gene were selected as white colonies on IPTG-X-Gal-ampicillin-containing agar plates. Gene pbp1b was subcloned into a pGEX-4T1 vector (Amersham Biosciences); this construct, pDG1b0, encodes the complete periplasmic form of PBP1b, amino acids G74 to R821, fused to the glutathione S-transferase (GST) protein.
Site-directed mutagenesis was performed with the QuikChange site-directed mutagenesis kit (Stratagene) by following the manufacturer's instructions in order to insert a stop codon after P791 and delete the serine-rich C-terminal tail ( Table 1 lists the sequences of the complementary mutagenic primers). After transformation into E. coli XL1-Blue supercompetent cells, mutant clones were verified by diagnostic restriction digestion and gave rise to the pDG1b1 construct.
To eliminate two secondary thrombin cleavage sites, two point mutations were introduced in the GT domain. Using the pDG1b1 construct as a template, K158 and R162 were mutated into Asp and Pro, respectively, by the same method as described above (Table 1) . The resulting construct, pDG1b2, encodes the fusion protein GST-PBP1b*NP⌬Cter. Lastly, to avoid further problems with thrombin cleavages, a fragment coding for a Tev protease site was introduced between the GST and PBP1b* coding regions (pDG1b3, which was derived from pDG1b2). The protein encoded by this construct was used in all experiments and, without further specifications, will be referred to as PBP1b*.
N-terminally truncated forms of PBP1b* (PBP1b*ATL, residues A163 to P791, and PBP1b*LIK, residues L184 to P791) were expressed as N-terminal His 6 -tagged fusions (pDG1b4 and pDG1b5 constructs). The primers listed in Table 1 were used to amplify the genes, which were further cloned in the pET30b expression vector.
Protein purification procedures. (i) GST-fused PBP1b*. Overnight cultures of E. coli MC1061 transformed with the pDG1b3 plasmid were used to inoculate (1:50) 1 liter of Luria-Bertani medium supplemented with 100 g of ampicillin/ ml. Upon achieving an optical density at 600 nm of 1 at 37°C, protein expression was induced with 1 mM IPTG while incubating for 16 h at 15°C. Purification steps were all performed either at 4°C or on ice. After cells were centrifuged at 6,000 ϫ g for 15 min, the pellet was resuspended in 80 ml of a solution of 50 mM Tris-HCl (pH 8.0), 200 mM NaCl, 1 mM EDTA (buffer A), containing 1 tablet of Complete protease inhibitor cocktail (Roche). The cells were then disrupted by sonication, the cell lysate was centrifuged at 31,000 ϫ g for 20 min, and the resulting supernatant was loaded onto a 5-ml glutathione-Sepharose column (Amersham Biosciences) previously equilibrated in buffer A. GST-PBP1b* was eluted with 10 mM reduced glutathione in buffer A. Extensive dialysis against buffer A was performed to eliminate reduced glutathione from the protein solution. GST-PBP1b* was incubated with 15 U of Tev protease per mg of fusion protein in an overnight incubation at room temperature, and the cleaved product was reloaded onto the glutathione-Sepharose column. The resulting flowthrough, containing the isolated PBP1b*, was dialyzed against 25 mM Tris-HCl (pH 8.8) and 50 mM NaCl. Anion-exchange chromatography (Resource Q; Amersham Biosciences) was performed at a flow rate of 2 ml/min with an NaCl gradient (0 to 250 mM) to elute PBP1b*.
(ii) His-tagged PBP1b*ATL and PBP1b*LIK. Overnight cultures of E. coli BL21(DE3) transformed with pDG1b4 and pDG1b5 plasmids were used to inoculate (1:50) 1 liter of Luria-Bertani medium supplemented with 30 g of kanamycin/ml. Cell lysis and sonication steps were performed as previously described but in the absence of 1 mM EDTA. The supernatant was loaded at a Generation of the TP domain of PBP1b*. Purified PBP1b* in 50 mM Tris-HCl (pH 8.0), 200 mM NaCl, and 1 mM EDTA was incubated with trypsin at a protease/PBP1b* ratio of 1:100 (wt/wt) for different periods of time at room temperature. Following incubation, the proteolyzed samples were subjected to sodium dodecyl sulfate (SDS)-12.5% polyacrylamide gel electrophoresis (PAGE). On a preparative scale, the TP domain was produced by using a trypsin/PBP1b* ratio of 1:60 (wt/wt) for 1 h at room temperature and then the protease activity was inhibited by 1 mM phenylmethylsulfonyl fluoride. The cleaved sample was dialyzed against 25 mM Tris-HCl (pH 8.8) and 1 mM EDTA and loaded onto a MonoQ column previously equilibrated with the same buffer. The purified TP domain was eluted with a 0 to 500 mM NaCl gradient.
Determination of kinetic parameters. PBPs interact with ␤-lactam antibiotics according to the three-step scheme:
where E is the PBP enzyme, I is the ␤-lactam antibiotic, EI is the MichaelisMenten complex, EI* is the acyl-enzyme covalent complex, and P is the product of the reaction (degraded ␤-lactam antibiotic). K, the dissociation constant of the enzyme-substrate complex, is equal to k Ϫ1 /k 1 .
The k 2 /K parameter, accounting for the acylation efficiency, was determined by following the decrease of the intrinsic fluorescence of the protein in the presence of antibiotic at 37°C using a Biologic SFM3 stopped-flow apparatus. The excitation wavelength was 280 nm, and the emission was measured in the 305 to 360 nm range. PBP1b* at a concentration of 0.6 M in 50 mM Tris-HCl (pH 8.0) and 200 mM NaCl was incubated with ␤-lactam antibiotics at concentrations ranging from 20 to 100 M.
The covalent binding of ␤-lactam to the PBP1b* TP domain was assayed by using [ 3 H]benzylpenicillin (20 Ci/mmol, 1 mCi/ml; Amersham Biosciences). Purified TP (123 M) in 25 mM Tris-HCl (pH 8.8), 1 mM EDTA, 200 mM NaCl was incubated at 37°C with [ 3 H]benzylpenicillin (5 M) for 15 min, at which time the reaction was completed. The samples were then subjected to SDS-PAGE. [ 3 H]benzylpenicillin bound to PBP1b* was monitored by using two different procedures. The gel was stained with Coomassie blue, destained, incubated with Amplify (Amersham), dried, and either exposed to a film for 16 h or cut around the protein bands. In the latter case, the radioactivity of the gel slice was measured by using a liquid scintillation analyzer (Packard model 2100TR) after mixing with 10 ml of liquid scintillation counting cocktail (Picofluor 15; Packard).
The deacylation reaction obeys the following equation: (15 mM) was added, and the incubation was continued at 37°C. Samples were removed at various times, loaded onto an SDS-containing gel, and after denaturing electrophoresis, the amount of radioactivity was measured in the protein bands as described above.
Lipid II binding assay. Dansylated lipid II was incubated with the different forms of PBP1b* for 15 min at room temperature (see Results for the quantities of respective components) before analysis by native PAGE. After migration, the fluorescence emitted by the dansyl group of lipid II was detected by illuminating the gel with UV (Bio-Rad UV transilluminator): both free and bound lipid II forms could be detected. The gel was then stained with Coomassie blue to visualize the protein pattern.
Moenomycin protection assay. PBP1b* (18 M) was incubated with 0.5 mM moenomycin for 1 h at room temperature. Chymotrypsin was added at protease/ PBP1b* ratios of 1:12,000 and 1:6,000 (wt/wt) for 1 h at room temperature. Following incubation, the proteolyzed samples were subjected to SDS-12.5% PAGE. A 16-kDa protein band specifically obtained in the presence of moenomycin was submitted to N-terminal sequencing.
RESULTS
PBP1b sequence and topology. PBP1b from S. pneumoniae contains a cluster of 28 hydrophobic residues (I46 to A73), which probably functions as a membrane anchor (Fig. 1A) .
This sequence immediately follows a short region (M1 to V45) likely localized in the cytoplasm, with no sequence identity within other class A PBPs. The extracellular region (G74 to R821), most of which is expressed by the pDG1b3 vector described in this work (G74 to P791), harbors 5 (15) . The GT domain displays no similarity to other known GTs; indeed, bifunctional PBPs have been classified as GT family 51 (http: //afmb.cnrs-mrs.fr/CAZY). The TP domain displays some similarity, albeit low (approximately 15%), to class A ␤-lactamases (17). Interestingly, PBP1b contains an 11-residue polyserine tail which may play a role either in contacting other proteins involved in peptidoglycan metabolism or in protein turnover ( Fig. 1A and 2) (10, 15) .
Expression and purification of PBP1b*. The extracellular form of PBP1b purified in this work harbors several changes compared to the wild-type R6 sequence (Fig. 1B) . With the goal of generating a protein which is compact and suitable for crystallographic studies, a stop codon was inserted after P791 in order to delete the serine-rich C-terminal tail. In addition, early attempts to cleave the GST tag from GST-PBP1b* with thrombin led to secondary cleavage sites within the GT domain (K158 and R162). To suppress these internal digestion sites, a first approach included the mutation of these residues into asparagine and proline, respectively. Furthermore, a second construct was made in which the thrombin cleavage site was followed by a Tev site. Cleavage with Tev protease released the full-size PBP1b* protein which was used in this study.
GST-PBP1b* is expressed in E. coli in high amounts as a highly soluble cytoplasmic protein. PBP1b*, which is recovered after the second glutathione-Sepharose step, migrates in SDS-PAGE with an apparent molecular mass higher than 67 kDa, in agreement with the calculated mass for PBP1b* (78.5 kDa) (Fig. 3, lane 1) . After affinity, ion-exchange, and gel filtration chromatographies, the yield was approximately 10 to 15 mg of PBP1b* per liter of E. coli culture. This behavior contrasts with those of other class A PBP extracellular regions, which were insoluble in the absence of detergents (4, 6, 21, 36) .
Determination of TP domain kinetic parameters. The kinetic properties of the TP domain of PBP1b* were determined for a cephalosporin and a penicillin. Second-order rate constants of acylation were measured by stopped-flow fluorescence, and k 2 /K values for cefotaxime and benzylpenicillin are reported in Table 2 . The k 3 deacylation rate of PBP1b* for benzylpenicillin given in Table 2 is in the same range as the values reported for other pneumococcal PBPs (5, 6, 24) .
Limited trypsin proteolysis of PBP1b* releases the TP domain. Proteolysis of purified PBP1b* with a trypsin/protein ratio of 1:100 (wt/wt) results in the production of two major protein fragments of approximately 40 and 13 kDa as well as a minor product of around 32 to 35 kDa (Fig. 3, lanes 3 to 5) . Only the two higher-molecular-mass fragments are competent for [ 3 H]benzypenicillin binding (Fig. 3, lane 6) showing that they encompass the TP domain. N-terminal sequencing revealed that the 40-kDa band was composed of two species, one starting at position QDFLP and the other one at DYLYF, corresponding to trypsin digestion after K322 and R340, respectively ( Fig. 2 and 3) . The size of these protein fragments implies that trypsin cleavage also occured in the C-terminal region of PBP1b*. Moreover, the 13-kDa fragment has the N-terminal sequence AGYSN, corresponding to digestion after R686. This digestion product encompasses the C terminus of PBP1b*, leading to a fragment unable to bind [ 3 H]benzypenicillin, as demonstrated in Fig. 3 , lane 6. The N-and C-terminal extremities of the 40-kDa product have been confirmed by mass spectrometry, taking into account the site specificity of trypsin. The measured mass of 40,391 Da corresponds to fragment Q323 to R686 (theoretical mass of 40,386 Da). In conclusion, the 40-kDa tryptic product corresponds to the TP domain of PBP1b*, although it is 24 residues shorter than the predicted TP domain from the PBP2x structure (Fig. 2) 
(28).
Lipid II binding on the GT domain of PBP1b*. Lipid II is the natural substrate for the GT activity of class A PBPs (30, 31, 35) . The lipid II molecule used in this work has a dansyl group linked to the amine moiety of the lysine side chain. In order to assay the recognition of lipid II by the GT domain of PBP1b, protein and substrate were allowed to interact for 15 min at room temperature before analysis by native PAGE (Fig.  4) . The dansylated lipid II was then revealed by illuminating gels with UV soon after the completion of the electrophoresis (Fig. 4A, lanes 1 to 3, and B) . Subsequently, gels were stained with Coomassie blue in order to visualize the protein (lipid II is not stained by Coomassie blue) (Fig. 4A, lanes 4 and 6, and  C) . Lipid II migrates with the dye front as indicated by the FIG. 2. Alignment sequence of class A high-M r PBPs S. pneumoniae (Spn) PBP1b, PBP2a, and PBP1a and E. coli (Eco) PBP1b (beginning at residue 125). The conserved motifs (numbered 1 to 5) in the GT domain are underlined and in boldface. The active-site conserved motifs in the TP domain are underlined. The 4 N-terminal sequences of the tryptic products of S. pneumoniae PBPs generating TP domains are underlined and in italics: PBP1a (S264), PBP2a (D264 and I301), and PBP1b (Q323 and D337). The C-terminal residues of these products are in boldface (5, 6) . The diamond indicates the putative C terminus of TP domains based on S. pneumoniae PBP2x structure (28) . For E. coli PBP1b, the italic residues correspond to the permissive site delineating the GT and TP domains (20) .
position of the fluorescent band in lane 2 of Fig. 4A . PBP1b* alone doesn't emit fluorescence (Fig. 4A, lane 1) , but when mixed with a sevenfold molar excess of lipid II, it causes the shift of the lipid II fluorescence band to the top of the gel, suggesting that lipid II may be bound to PBP1b* (Fig. 4A, lane  3) . This is confirmed by the observation of the same gel stained with Coomassie blue. In the presence of lipid II, a proportion of PBP1b* molecules is shifted towards the position on the gel which corresponds to that of the fluorescent shifted lipid II (Fig. 4A, lanes 3 and 6) . The shift of lipid II in the presence of PBP1b* is consequently the result of an interaction between these two components. It is important to note that all of lipid II was bound to PBP1b* (as seen by a total shift of the fluorescence) but that not all of the PBP1b* molecules bound lipid II, despite a sevenfold molar excess of the latter. This observation suggests that molecules of lipid II may form micelles or vesicles and that PBP1b* binds to its substrate, but not in an equimolar way, thus impairing further calculations of affinity constant values.
Moenomycin is an inhibitor of GT activity due to its structural similarity to the substrate lipid II. In order to map the relative binding site of moenomycin and lipid II within the GT domain of PBP1b*, a competition between the two molecules was set up by using the assay described above (Fig. 4B) . As previously observed, in the absence of moenomycin, all of the lipid II binds to PBP1b* and comigrates with the protein on top of the gel (Fig. 4B, lane 2) ; in the presence of an excess of moenomycin, all of the fluorescent signal migrates with the dye front (Fig. 4B, lanes 4 and 5) . This result suggests that moenomycin and lipid II compete for the same site on the GT domain of PBP1b*.
In order to verify the specificity of lipid II binding to the GT domain, the ligand binding test was performed on the TP domain isolated from PBP1b*. On a Coomassie blue-stained native gel, no TP protein shift is observed in the presence of lipid II (Fig. 4C) , and no modification was observed in the migration of fluorescent lipid II (data not shown), indicating that no binding occured between the lipid II molecule and the TP domain.
We were further interested in the more-precise characterization of the lipid II binding site within the GT domain, in particular the identification of the conserved motifs involved in binding of the substrate. Two shorter forms of PBP1b were constructed: PBP1b*ATL and PBP1b*LIK, which are deleted from the first GT motif (E 145 DxxFxxHxG) and from the first and second motifs (G 176 xSTxTQQ), respectively (Fig. 1B) . The lipid II binding test for these two variants was performed as described above (Fig. 5) . A complete migration shift of the dansylated lipid II was observed for PBP1b* and PBP1b*ATL, while only a small proportion of lipid II was associated with PBP1b*LIK. In conclusion, lipid II binds to PBP1b*ATL despite the deletion of the first GT motif (E 145 DxxFxxHxG), but deletion of the first two GT motifs greatly interferes with binding. This observation indicates that the second motif (G 176 xSTxTQQ) is required for lipid II recognition, whereas the first motif (E 145 DxxFxxHxG) may play a secondary role in substrate binding or protein stabilization.
Moenomycin binding to the GT domain of PBP1b*. In an attempt to further map the moenomycin binding site within the GT domain, a limited proteolysis study of PBP1b* was performed in the absence or presence of moenomycin. Chymotrypsin was added after a 15-min preincubation of PBP1b* with 0.5 mM moenomycin at various protease/PBP1b* ratios for 1 h at room temperature (Fig. 6 ). This study revealed that in the presence of the antibiotic, PBP1b* is more susceptible to proteolysis, suggesting that the binding of moenomycin may induce conformational changes within the GT domain which exposes previously buried regions. Notably, a 16-kDa band which is not present in the experiment performed in the ab- KVRV, thus corresponding to a region within the GT domain which becomes exposed (Fig. 6, lanes 6 and 7) .
DISCUSSION
In this work, we have expressed and characterized the bifunctional periplasmic region of S. pneumoniae PBP1b (PBP1b*) deprived of its cytoplasmic domain and transmembrane anchor. PBP1b* is overexpressed in the cytosol and highly soluble, unlike other class A PBPs from a variety of organisms, including other pneumococcal PBPs. Indeed, the GT domains of PBP1a* and PBP2a* from S. pneumoniae were shown to be aggregated and membrane bound, respectively (5, 6) . Among the small number of bifunctional PBPs that have been biochemically studied, a common feature is observed: the presence of a membrane interaction site in the GT domain, distinct from the N-terminal transmembrane anchor helix. The membrane association sites in E. coli PBP1b and in S. pneumoniae PBP2a* encompass only the first GT motif, whereas in Mycobacterium leprae PBP1, the region comprising the third, fourth, and fifth GT motifs contains the secondary membrane binding site (4, 6, 21, 36) . Monofunctional GT proteins from Staphylococcus aureus and Ralstonia eutropha deprived from their transmembrane anchors were also shown to aggregate (26, 37) . This putative membrane association of the GT domain from class A PBPs is consistent with the membrane localization of the substrate lipid II. The high solubility of purified S. pneumoniae PBP1b* appears to be an exception. PBP1b* is the first bifunctional PBP, containing the complete extracellular region, to be overexpressed and purified in a soluble form. Recently, PBP1* from Mycobacterium tuberculosis has been obtained in soluble form but with the second, third, and part of the fourth GT motif deleted (30) .
Benzylpenicillin and cefotaxime acylation efficiencies of PBP1b* are both in the same range, whereas other S. pneumoniae PBPs behave differently in respect to these ␤-lactams. PBP2x* presents the highest acylation efficiency value for cefotaxime, 9-, 17-, and 27-fold the values measured for PBP1b*, PBP1a*, and PBP2a*, respectively (Table 2) (5, 6, 24) . This pattern correlates well with the observation that PBP2x is the most important cefotaxime resistance determinant which confers, when altered, low-level resistance to this antibiotic (15) . An in-depth investigation of the cephalosporin resistance conferred by PBP2x has been performed at the molecular level through the three-dimensional structure resolution of S-PBP2x* from the ␤-lactam-sensitive strain R6 and from the resistant clinical isolate strain Sp328 (3, 12, 28) as well as through the analysis of amino acid mutations in the PBP2x variant sequence from different drug-resistant clinical isolates (23, 24) . Resistance to ␤-lactams in streptococcal species is acquired by homologous recombination of pbp genes between resistant and sensitive strains; the high-level cefotaxime resistance transferred from Streptococcus mitis to S. pneumoniae necessitates the successive alterations of PBP2x, PBP2a, PBP1a, and PBP1b (15) . One would expect that the in vitro acylation efficiency values for cefotaxime of R6 S. pneumoniae PBPs would follow this hierarchy. This is not the case, since PBP1b* presents an acylation efficiency for a cefotaxime value superior to the PBP1a* and PBP2a* values but close to 10-times lower than the value for S-PBP2x* ( Table 2 ). The different roles of the various PBPs in cell growth and some functional redundancy may explain why the sensitivity scale is not reflected in the hierarchy of mutation development in PBPs and on selective pressure. Finally, the PBP1b* deacylation rate for benzylpenicillin is in the same range as for the other S. pneumoniae PBPs. Measurement of the kinetic parameters of PBP1b* from the R6 strain is a first step for in-depth understanding regarding the role of PBP1b in ␤-lactam resistance acquisition.
The functional TP domain of PBP1b*, which is the target for ␤-lactams, was delineated by limited proteolysis with trypsin. This led to the identification of the PBP1b* interdomain hinge region which links the GT and TP domains. Such a boundary region has been located in S. pneumoniae PBP1a* and PBP2a* and in E. coli PBP1b (5, 6, 20) . Protein sequence alignment of these bifunctional class A PBPs indicate that these enzymes share a conserved domain organization (Fig. 2) . The TP domain thus produced is soluble, highly stable, and functional, since it is able to bind [ 3 H]benzylpenicillin. Notably, a variety of attempts to express the TP domain with the boundary regions determined by proteolysis but in the absence of the GT domain led to high overexpression of insoluble proteins. This confirms previous observations by our group and others that correct folding of the TP domain requires that it be expressed downstream of the GT domain (A. M. Di Guilmi and A. Dessen, unpublished data) (32) .
Two distinct groups have performed the total synthesis of lipid II (31, 35) . The availability of large quantities of the natural substrate will allow advances in GT activity characterization. In order to test the specific binding of lipid II onto PBP1b*, an electrophoretic assay which takes advantage of the fluorescence of dansylated lipid II was developed. A shift of the fluorescent band was observed in the presence of complete PBP1b* (GT and TP) but not in the presence of the isolated TP domain, leading to the conclusion that lipid II binds specifically to the GT domain of PBP1b*. This shift does not appear to be the result of the integration of PBP1b* into lipidic vesicles, as no shift was observed with Coomassie blue staining when similar assays were performed in the presence of detergent {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate [CHAPS]} and of an unrelated lipid (dioleoyl phosphatidylcholine) in place of lipid II (data not shown). The results suggest that lipid II interacts in a specific manner with the GT domain.
Moenomycin is an antibiotic whose structure is reminiscent of that of lipid II, suggesting that moenomycin competes with lipid II for the binding to PBP. The electrophoretic assay developed in this work shows, indeed, the absence of lipid II binding to PBP1b* in the presence of moenomycin. Notably, this inhibition is competitive, since the same assay was used to verify that lipid II is not inserted into moenomycin micelles and is thus fully available for protein binding (data not shown).
Two N-terminal PBP1b* truncations lacking the first (E 145 DxxFxxHxG) and second (G 176 xSTxTQQ) GT motifs were tested for lipid II binding with the electrophoretic assay. The similarity of behavior of full-length PBP1b* and PBP1b*ATL (lacking the first motif) suggests that this motif plays a minor or no role in substrate recognition. However, the only partial shift displayed by PBP1b*LIK (lacking the first and second motifs) suggests that the second motif (G 176 xSTxTQQ) is essential for substrate binding. Notably, the GT activity of E. coli PBP1b has been extensively analyzed, revealing that glutamate 233 (EDxxFxxHxG), which is located in the first motif, is central to the catalyzed GT reaction (32) . It is conceivable that in PBP1b* from S. pneumoniae, this motif is involved in catalysis but not in substrate binding. Further analysis, including the testing of the ability of PBP1b* to polymerize glycan chains, will shed light on this question.
Lastly, the binding effect of moenomycin on the GT domain of PBP1b* was tested by limited chymotrypsin treatment of the full-length molecule. In the presence of 500 M moenomycin, PBP1b* becomes more sensitive to the protease, generating a variety of minor bands (corresponding to the full-length molecule cleaved at different sites), a major band which corresponds to the TP domain, and a minor band of approximately 16 kDa whose N-terminal sequence corresponds to an internal site in the GT domain. It seems probable that the binding of moenomycin generates major conformational changes within the GT domain, exposing a variety of regions which make stabilizing contacts in the apo structure.
In conclusion, we have expressed and purified the first soluble class A PBP and have developed a fluorescence-based assay to characterize it biochemically. The TP domain of this bifunctional protein can only be produced by limited proteolysis of the full-length molecule and is then generated in soluble, active form. The GT domain is able to bind lipid II and moenomycin in a competitive manner, and recognition of lipid II is efficient despite the deletion of the first GT motif. The assay presented in this work will be useful in further GT characterization of the PBPs.
